Introduction
Plants are sessile and employ animals, water or wind to disperse their pollen. Accordingly, they have rather less control over whom they mate with than do many animals. Pollen-dispersing individuals may sire progeny on many mothers, and mothers are likely to produce progeny sired by more than one father. The great majority of outcrossing plant populations are thus probably best described as polygamous. Nevertheless, inasmuch as the seed producers of a population receive pollen from more than one pollen donor, they can profitably be regarded as polyandrous: it is then interesting to ask, first, what advantages or disadvantages there could be for an individual to mate with more than one male; and second, to what extent plants could in fact ever choose to mate, or avoid mating, with more than one male, given an overall cost or benefit.
It is worth recalling from the start that mating in plants technically always occurs between haploid gametophytes, which produce sperm and egg cells by mitosis. In taxa in which the gametophytes are independent life stages, such as bryophytes and ferns, sperm from more than one gametophyte can end up competing to fertilize the eggs of a single common partner, i.e. polyandry is possible among gametophytes. In seed plants, by contrast, the female gametophyte, i.e. the ovule, is only ever fertilized by sperm delivered by a single male gametophyte, i.e. the pollen grain, so that polyandry is technically not possible at the gametophytic stage. Narrowly viewed, there is thus no possibility, for example, of sperm competition in seed plants. Nonetheless, it is useful to consider mating in these taxa in terms of interactions among sporophytes, and to view the dispersal of pollen grains from more than one sporophyte to the stigma(s) of another as 'polyandry'. This usage allows comparison on a functional basis with other organisms that engage in multiple mating. Sperm competition in animals, for example, is then in many respects functionally analogous to pollen competition in seed plants [1] , which takes place before sperm are liberated into the ovule.
Another characteristic of plants that influences how we view the mating system and polyandry is their frequent hierarchical modularity, with floral parts nested in flowers, flowers nested in inflorescences, inflorescences nested in branches or ramets, which, in turn, are potentially part of a larger genotype that might be spatially extensive. The number, phenology and spatial disposition of parts at all these levels can influence the mating system and have presumably been shaped by natural selection. It is thus important to bear in mind that reproductive success will be determined by the coordination of the reproductive strategy at all levels in the modular hierarchy, and that selection on traits at one level can influence patterns of mating at another. The size of the floral display (number and size of inflorescences), for example, can influence both the number of pollinators visiting individual flowers and the mix of pollen they deposit on stigmas [2, 3] . Similarly, the order in which flowers in a hermaphrodite inflorescence express their male and female functions can affect the selfing rate within individual fruits as a result of the transfer of pollen among the flowers of the same genet (geitonogamy) [4, 5] .
Modularity in angiosperms extends also to the withinflower level. In general, flowers have more than one stamen and more than one carpel. The possession of multiple carpels within a flower is of particular note. In species with primitive flowers, such as magnolias and water lilies, carpels are independent of one another within the flower [6] , and pollen deposited on one stigma competes to fertilize the ovules in the corresponding ovary, with no access to other ovaries. In these species, considerations of phenomena such as pollen competition and pollen limitation (and perhaps polyandry) ought to be directed at the level of individual carpels within the flower, taking due account of competition for space and resources. In species with evolutionarily derived flowers, by contrast, the different carpels within a flower tend to be fused [6] , so that pollen tubes must travel down a common style to fertilize the ovules (sometimes from separate stigmas). In these cases (the vast majority of flowering plants), there is thus a single functional unit representing female function in flowers, although flowers benefit from the attractiveness of the entire inflorescence and are not necessarily independent in terms of the allocation of resources. Interactions among pollen grains, and between pollen grains and the female tissues, in flowers with fused carpels therefore probably ought to be analysed at the floral level.
Whether it makes more sense to consider polyandry at the level of the individual genet, the flower or, in cases where carpels are relatively independent, the carpel itself, will depend on the specific question being addressed. From the perspective of the genet, individuals that produce many flowers are likely to receive pollen from more than one donor, even if individual flowers were to receive pollen from only a single donor. The likelihood of polyandry and multiple paternity at the plant level is thus likely to be uniformly high for plants with multiple flowers, and perhaps beyond the control of individual plants. Because plants tend to disperse their seeds locally [7] , the mix of fathers siring seeds on a particular individual will affect the genetic mix of progeny that establish in its vicinity, and thus influence the genetic structure of a population [8] . Polyandry at the plant level could therefore be an important factor shaping withinpopulation genetic structure. This will, however, not be our chief focus here. Rather, in this article, most of our attention will be directed to polyandry within fruits, because it is at this level that pollen -style and pollen -pollen interactions will tend to occur, and thus where natural selection on traits that influence multiple mating could act. It is also the level at which the most profitable comparisons can be drawn between plants and animals.
A key question concerns the extent to which plants are able to control their mating system at all, even at the within-fruit level. Although it is probably true that plants exercise less control over their mating than do animals, they do in fact influence their mating in a number of ways. These include: determining when they flower; how attractive they are to pollinators; where in the flower (and inflorescence) their anthers and stigmas are positioned (and when); when their anthers open and pollen is dispersed (and how much pollen is liberated during each pollinator's visit); when their stigmas are receptive (and for how long), and even which pollen grains are allowed access to the ovary after they have been deposited on the stigma. All of these processes, taken together, constitute a plant's floral syndrome, which will have evolved in response to selection to optimize reproductive success through both male and female sexual functions. The question, then, is not whether plants control whom they mate with, but rather how well, by what means and to what end.
A great deal of attention over the past couple of decades has been devoted to understanding the occurrence of 'mixed mating', where selfing rates are intermediate due to the deposition onto stigmas of a mix of self and outcross pollen. Much of this work has been stimulated by models that predicted that intermediate selfing rates would be evolutionarily unstable (reviewed in [9] ). Although mixed mating is a special case of polyandry, particularly in animalpollinated plants [10] , its intensive study has perhaps drawn attention away from polyandrous mating in plants more generally. Given its extensive treatment elsewhere [9] , we will not be considering it in our review here.
Another important question concerns whether the adaptations we see in flowers are shaped directly by selection through the female function of plants to regulate the number of their potential mates, or are instead chiefly the outcome of selection on the male function to increase siring success. If females do regulate their mate number, we need to know why, i.e. what benefits might they receive by doing so. These questions apply to dioecious species (with separate sexes), but they are particularly pertinent to hermaphrodite plants because of the possibility of conflict that occurs between the male and female functions. Resolving this conflict, i.e. optimizing both the male and female components of reproductive success, has probably been a major theme in the evolution of floral strategies [11, 12] .
In this article, we review the occurrence of polyandry in plants and consider its potential functional significance. We begin by assessing the frequency of polyandry among plants and ask whether there are certain traits that are rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20120051 particularly associated with multiple mating. We then consider the extent to which plants might benefit from, or be compromised by, mating with more than one individual from the female's point of view. In the subsequent section, we contrast this possibility with the proposition that polyandry might be the result of simple random mating, modified by selection on plants to increase their male component of fitness through improved siring success. If the possible benefits of multiple mating to plants through their female function are just an incidental outcome of selection for increased siring success, this would suggest that the study of polyandry in plants could be seen as a relatively unprofitable detour in attempts to understand the evolution of flowers and plant mating.
How common is polyandry in plants?
The dynamics of pollination probably mean that we should expect polyandry to be the rule in plants rather than the exception. Although we focus in this article on angiosperms, where most of the relevant work has been done, polyandry is of course also possible in other plant groups. In bryophytes and ferns, sperm swim through water from potentially more than one source to fertilize eggs produced by a single female. In some homosporous ferns with separate sexes, spores germinate and develop, by default, into female or hermaphrodite gametophytes that control their mating prospects by the release of hormones into their environment [13] ; these hormones cause nearby spores, potentially from unrelated sporophytes, to germinate and develop as males, thereby increasing the level of polyandry and sperm competition [13, 14] . Mating in gymnosperms is similar to that in windpollinated angiosperms (where polyandry is also possible), except that sperm take much longer to reach their target in gymnosperms [15] .
Both biotic and abiotic pollinations can result in polyandry. In animal-pollinated plants, which comprise about 80 per cent of angiosperms [16] , polyandrous pollination can occur in two ways: either when a single visitor deposits a mix of pollen from more than one pollen donor because some of their pollen grains were carried over during the preceding sequence of flower visits [17] [18] [19] [20] ; or via the successive visits of different pollinators that each deposit a small amount of pollen from a different pollen donor over a short period [21] . Both mechanisms are not mutually exclusive and can occur together, i.e. with sequential visitations each depositing a mixed-donor pollen load [22, 23] . Because pollinators tend to visit more than one flower and may be abundant at a site, individual flowers will often receive multiple visits by animals that have visited more than one flower in their foraging bouts [24] ; mixed-donor pollination is therefore likely to be very common in animal-pollinated plants [25] . But polyandry should be common in wind-pollinated plants too, because stigmas often receive more than one pollen grain, haling from different donors, particularly in dense populations [26, 27] .
Almost everything we know about the incidence of multiple mating in plants comes from marker-assisted paternity inference. These estimates of polyandry will tend to be conservative, because they ignore those mates that delivered pollen to stigmas but failed to sire seeds. Nonetheless, estimates of multiple paternity probably give a reasonable handle on the incidence of multiple mating. A large number of such studies have now been conducted, and multiple paternity has been found in all cases in which evidence for it has been sought [28] . Such studies have characterized multiple paternity either directly through the identification of all putative fathers in a progeny array (i.e. using seed paternity analysis [28] ), or in terms of the coefficient of correlated paternity within a fruit [29, 30] ). These methods have allowed an estimation of the degree of multiple paternity at both the fruit and the whole plant levels for a number of plant species. Figure 1 summarizes data from several studies in which the extent of polyandry has been inferred using molecular markers. For these species, the numbers of sires range up to about nine within individual fruits, with estimates of the effective number of sires within fruits (calculated by down-weighting those sires that contribute less to paternity) tending to be lower than this, as one would expect. Estimates of the effective number of sires among fruits on a plant are of course higher than within fruits, reaching values greater than 20. A search for patterns among the data reveals no specific feature that might allow us to predict the occurrence of multiple paternity. Most studies have been of insectpollinated hermaphrodite species, but multiple paternity has also been found in dioecious species [33] and those pollinated by birds [47] and by bats [40] : it occurs in flowers with few [18, 19, 25, 36, 44, 48] to many ovules or seeds [23, [33] [34] [35] ; in self-incompatible [18, 19, 32, 33, 40, 48] and self-compatible species [23,25,34 -36,41,44,47] ; in species that differ in their floral morphologies (actinomorphy [18, 19, 33, 48] versus zygomorphy [23, 34] ), and inflorescence architecture (complex inflorescence [32] versus solitary flowers [23] ). Nor are there any discernible patterns in the occurrence of multiple paternity among species that vary in other traits related to pollinator attraction (such as coloration), or pollen uptake and deposition (anthers and stigma position and protrusion). Only in a few studies has the mechanism of pollen deposition (i.e. pollen carry-over versus sequential visits) been empirically determined [19, 23, 34, 35] . These studies used a combination of pollinator observations (noting the time interval between visits, the time spent on each flower and the number of visited flowers) and manipulation of the pollen load on test flowers for which seed paternity [49] or the proportion of fertilized ovules were measured [20] .
Of particular interest are species that disperse their pollen grains in aggregate, either packaged in tetrads or polyads (where pollen arising from the product of a single or several meiotic events is aggregated and dispersed as a unit) or pollinia (an aggregate of all the pollen grains from an anther that is dispersed by animal pollinators as a single unit). For example, in Asclepia exalta, a species with pollinia, only 2 per cent of the 103 fruits sampled by Broyles & Wyatt [32] were found to contain seeds sired by more than one father. In Acacia melanoxylon, a species with pollen grains dispersed in polyads of 16 grains, only about 10 per cent of the fruits sampled showed multiple paternity [50] . These low values probably reflect the fact that such pollen packages contain enough pollen grains to fertilize all available ovules (e.g. there are 14 ovules in the ovaries of Acacia melanoxylon). Nevertheless, it is revealing that despite aggregated pollen dispersal, there is still some degree of multiple paternity shown by these species. Unsurprisingly, multiple paternity is low in species that habitually self-fertilize (e.g. Phaseolus vulgaris [25] and Glycine argyrea [36] ).
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The possibility that polyandry might affect, and therefore be selected through, female fitness has prompted much research on animal species, not least because multiple mating by females may be costly [51] [52] [53] . What might the costs and benefits of polyandry be for the female function of plants? Almost certainly, one of the costs faced by animals will also apply to plants: the increased risk of becoming infected by disease as a result of mating with more than one male [54, 55] . Work on the dioecious perennial herb Silene latifolia has shown that increased pollinator visits to female flowers is positively associated with the probability of infection by the anther-smut fungus, Microbotryum violaceum, which causes both males and females to produce sterile staminate (male) flowers that disperse only fungal spores [56, 57] . Visitation by large numbers of pollinating animals can also cause physical damage to flowers and plants, just as multiple mating by female animals can reduce their viability [58] . For example, the female fitness of Yucca spp. may be reduced with increased visitation of the pollinating yucca moths, because each successive moth lays more parasitizing eggs in its flowers, and these reduce fruit set through fruit abortion [59, 60] . How such costs trade off against the potential benefits of multiple mating is still poorly understood, and more work would be valuable. The potential benefits of polyandry to plants through their female function may be either direct or indirect. In animals, direct benefits include the provision by males of food to their mating partners, whether in the form of semen that is digested rather than used for fertilization, or in the form of nuptial food gifts, including the case where males offer themselves as a food reward after mating [58, 61] . Similar benefits are unlikely to be available to plants. Rather, a plant's female function might benefit from multiple mating either if mating with more than one male increases pollen receipt to levels required for the fertilization of all available ovules, or if there are genetic benefits of large and diverse pollen loads. We can define three broad classes of such genetic benefits, each of which has also been proposed as explanations for the occurrence of polyandry in animals [51, 62, 63] : the production of progeny that are more genetically diverse; the promotion of competition among male gametophytes of differing genetic quality; and the possibility of direct female choice among progeny that differ in quality and/or compatibility. In the following subsections, we first consider the possible benefits of multiple mating in terms of increasing the amount of pollen received (thus alleviating pollen limitation, i.e. the benefits of producing more progeny), and then consider the three potential genetic benefits. We end this section by asking which traits might evolve to influence the level of polyandry from the female point of view in response to selection promoting or disfavouring it.
(a) Benefits of producing more progeny It is often supposed that Bateman's principle applies to plants as much as it does to animals, i.e. the idea that reproductive success by males and females will be limited by access to mates and resources to provision progeny, respectively [64] . An important corollary of Bateman's principle, when applied to plants, is that fruit and seed set should not be Figure 1 . Mean number of sires within fruits and among fruits on a same plant, based on paternity assignment or estimation of the effective number of sires, N ep , on the basis of 1/r p , where r p is the probability that two individuals randomly chosen in a same progeny array are full-sibs (sibling-pair model [31] [65] [66] [67] . These experiments thus suggest that a basic assumption of Bateman's principle is violated and point to the possibility that selection through a plant's female function might favour increased rates of pollen deposition on stigmas [68] . But how reliable are these experiments?
Ashman et al. [66] reviewed the literature on pollen limitation and suggested that the pollen-addition experiments that have found evidence for it might be inadequate for two reasons. First, experiments that supplement the pollen on only a fraction of the flowers may find false evidence for pollen limitation, because it is the seed production of the whole plant that matters, and resources can be allocated among fruits of the same plant. Similarly, increased seed set in response to pollen supplementation in one season may cause reduced seed set in subsequent seasons through among-season trade-offs [66] . Experiments thus really need to add pollen to all flowers and to account for between-season allocation trade-offs.
Second, pollen-addition experiments to test for pollen limitation have most typically involved the addition of outcross pollen to one or more stigmas on manipulated individuals, but pollinators deliver a mix of outcross and self pollen, particularly if they visit more than one flower on the same individual, as is typical [67] . Because fertilization by self pollen often leads to lower seed set (as a result of early acting inbreeding depression during seed development), open pollination in the wild could thus yield lower seed set than experimental pollination using only outcross pollen. Fitness through female function might then be limited not by a paucity of pollinators, but by the tendency of pollinators to deliver an insufficient proportion of outcross pollen relative to self pollen or pollen otherwise incompatible with a plant's ovules [67] . In other words, seed set might be limited by its 'quality', i.e. the extent to which it is genetically compatible with the plant's ovules [67] .
Even so, it is important to note that pollen limitation, where it occurs, could be overcome by mating multiple times with the same male or pollen donor, i.e. polyandry is not essential. In accordance with this, several manipulative studies of single-donor pollen supplementation have demonstrated increased female reproductive success not only through an obvious increase of the pollen : ovule ratio and thus the avoidance of pollen limitation [69] , but also through density-dependent chemical and hormonal mechanisms that enhance pollen tube germination and growth rate [70, 71] as well as seed and fruit mass (reviewed in [72] ). Ultimately, pollen quantity limitation is perhaps most easily alleviated by traits that increase autogamous selfing [73] [74] [75] and should be selected as long as the resulting progeny do not suffer too much through inbreeding depression [9] .
(b) Benefits of producing genetically more variable progeny
Polyandry may increase female fitness by enhancing the adaptive ability and ecological complementarity associated with genetically diverse progeny. Recently, Aguirre & Marshall [76] tested this hypothesis for animals; using ascidians as a model, they empirically separated the effect of sexual selection on female reproductive success from that of offspring genetic diversity, and found greater performance of populations comprising half-sib families when compared with those comprising full-sibs sired by the best male. Similar effects may be expected in plants [77] , not least because individual plants have less control over which habitat they are destined for after dispersal. In species that disperse their seeds locally, for instance, where siblings are likely to end up growing together, a genetically more diverse progeny population might be less susceptible to herbivores [78, 79] , and their progeny, in turn, should be less prone to biparental inbreeding and the associated inbreeding depression [53, 80] .
(c) Benefits of promoting pollen competition
By increasing the amount and diversity of pollen deposited on stigmas, multiple mating may promote pollen competition and allow post-pollination selection for males with the fastest-growing pollen tubes. There are two possible advantages that such pollen competition might have. First, to the extent that pollen tube growth rates are heritable, females fertilized by fast pollen grains will produce offspring that themselves are more likely to sire offspring in the next generation [81] . Schlichtling et al. [82] and Lankinen et al. [83] have found evidence for heritable variation in pollen-tube growth rates, but more work needs to be done. Pollen competition might also be advantageous if those sporophytes fertilized by sperm from fast-growing pollen grains are more vigorous, i.e. if traits conferring competitiveness in the gametophyte generation are transferred to the sporophyte generation, either because they are genetically heritable or because of maternal (or paternal) effects [84, 85] . This possibility has also been proposed as an advantage of sperm competition in animals, but it would seem to be even more plausible for plants, given that 60 per cent (or more) of a plant's genes are expressed in the pollen tube (gametophyte generation) [86, 87] .
Evidence for the effect of pollen competition on offspring vigour has been provided by studies manipulating the pollen load on stigmas (reviewed in [1, 72, 88] ). These studies have given mixed results and have been criticized either because the range of pollen loads applied have been inappropriate [89] , because offspring have been monitored at inappropriate life stages or growing environments [90] , or because differences in progeny vigour that arise from large versus small pollen loads might be due to maternal effects of seed provisioning and seed size rather than genetic quality [85, 91] . Nevertheless, comparison of offspring vigour arising from a large pollen load of mixed-versus single-donor pollen has highlighted a positive effect of pollen diversity in several studies [92, 93] .
Another advantage of mixed pollen loads is that they may allow selection (through competition) against pollen that carries meiotic drivers, i.e. alleles that favour their own transmission [94] . In single-donor pollen loads, this possibility would confer a large advantage to the driver allele, even if it reduced the viability or fertility of the resulting offspring (and thus the fitness of the mother; reviewed in [1, 95] ). However, as Haig & Bergstrom [94] pointed out, the advantages to driver alleles would be diluted under competition between pollen grains from multiple fathers, because 'genes expressed in pollen would have little to gain by sabotaging other pollen grains within their own anther' (p. 272). In the dioecious plant S. latifolia, single-donor pollinations by some males gave rise to female-biased sex ratios, presumably rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20120051 because of a driving X chromosome, and these males tended to have low siring success in multiple-donor pollen loads [95] . The putative driver alleles responsible are perhaps maintained in S. latifolia because multiple paternity is relatively low, at least in its introduced range in North America (unpublished results cited in [95] ). In species that have reduced multiple paternity as a result of the dispersal of pollen in polyads or pollinia (see §2), pollen grains within a dispersal unit develop synchronously even after meiosis [96] , and this should further mitigate against meiotic drivers [94] .
Although pollen competition resulting from large mixed pollen loads may confer some benefits on a female fitness, in certain cases it can also be disadvantageous. For example, in dioecious species with sex chromosomes, genetic degeneration of the Y chromosome can mean that Y-bearing pollen tubes grow more slowly so that progeny sex ratios become femalebiased [97] . This effect is seen in the dioecious species Rumex nivalis, where sex ratios become increasingly female-biased as pollen competition intensifies with greater pollen loads [98, 99] . In R. nivalis, which is wind-pollinated, pollen load on stigmas and progeny female frequencies correlate positively with local patch density [99] . Although these effects are not typical (because most plants are hermaphroditic and most dioecious species do not have degenerate sex chromosomes; [100] ), they provide compelling evidence that pollen competition can have important phenotypic effects on the sporophytic generation in ways that influence maternal fitness.
(d) Benefits of allowing females to choose among diverse male gametophytes
Although a signal of male genetic quality or compatibility can help female animals in their pre-mating choice [101, 102] , it is difficult to see how such signals could be easily available to female plants, or how they could exercise much control over the identity of the pollen deposited on their stigma.
(The reciprocal placement of stigmas and anthers in heterostylous species, whereby pollen is preferentially deposited on compatible stigmas, provides an unusual example of the latter [103] .) Nonetheless, females could in principle influence the paternity of their seeds though post-pollination mechanisms that may occur both before ovule fertilization and during seed development (i.e. as cryptic female choice). While pollen competition should sort among the potential compatible fathers by their intrinsic genetic qualities, maternal effects might also actively control siring success and favour some males over others, as has been found, for example, in crickets [62] . The possibility of female choice among potential sires through post-zygotic mechanisms, such as selective investment in seeds and seed abortion, has been sought in a number of plant species, but there is still very little direct evidence for it (reviewed in [104 -106] ). Indeed, it is difficult to distinguish the role played in nonrandom paternity and seed abortion by female choice from that played by paternal effects or competition among embryos for resources owing to differing sink strengths. The incidence of active female mate choice in plants is thus still speculative [88, 104] . While variation in progeny vigour can be due to the direct additive effects on fitness of alleles derived from different fathers, they might also be the result of variation in compatibility between maternal and paternal genes, such as segregation distorters, female post-zygotic distorters or genomic imprinting (reviewed in [1, 51, 107] ). The importance of such genetic interactions is suggested by the fact that the paternity of seeds can depend on both the genotype of the potential sires depositing pollen on the stigma and the genotype of the mother [108] . Perhaps the most common example of such non-additive genetic incompatibility is provided by the expression of deleterious recessive alleles that come together as homozygotes in inbred progeny, i.e. the effect of inbreeding depression [109, 110] . The evolution of mechanisms that avoid selfing and promote outcrossing, such as self-incompatibility (SI), is likely in itself to lead to multiple mating.
Molecular SI mechanisms are found widely among angiosperms, with modes of action that may be determined either by the maternal sporophyte (sporophytic SI) or by the pollen gametophytes themselves (gametophytic SI) [111] . Although these modes differ in important ways, they generally prevent the fertilization of their ovules both by self pollen grains and by pollen grains from other individuals in the population carrying the same SI alleles. Because strong negative frequency-dependent selection favours the maintenance of large numbers of SI alleles in plant populations (because pollen grains carrying rare alleles are compatible with most of the rest of the population), the probability that a single outcross pollen donor will be compatible with any given maternal genotype will typically be high [112] . In such situations, although polyandry might still be important for allowing male-male competition or female choice among genetically different pollen grains, it is probably not a critical factor for ensuring the receipt of an adequate quantity of pollen that is compatible at the SI locus itself.
In small populations of SI species, by contrast, in which the number of S-alleles may be low due to their loss by drift, a sizable fraction of potential mates might be incompatible at the SI locus (reviewed in [113] ). Polyandrous pollination in such populations should tend to alleviate compatible pollen limitation and might thus be selected not only to allow for male-male competition or female choice among pollen grains differing in their genetic quality, but also to mitigate against low seed set per se. Self-incompatible populations with different levels of mate availability due to variation in their number of S-alleles therefore present cases in which the benefits of polyandry are likely to differ, too. In populations (or species) in which mate availability has been compromised by the loss of S-alleles [114, 115] , we might thus expect to see evidence for selection of traits that increase the incidence of polyandry. To our knowledge, this hypothesis has not been tested.
(e) Traits that regulate the incidence of polyandry If polyandry entails specific costs or benefits to a plant's female function, what traits might evolve in response to the implied selection for or against it? There are essentially two classes of such traits: those that increase pollinator visitation and effective pollen pick-up from pollinators' bodies; and those that increase female choice or male-male competition. The latter is likely to be particularly important, because little will be gained from polyandry if the first pollen grains that arrive on a stigma are always the most successful, regardless of their genetic quality or compatibility [116] [117] [118] .
Attractiveness is one obvious way in which plants can affect the number of their pollinators and mates. There are rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20120051 obvious benefits of being attractive, but attractiveness also entails costs, because pollinators are more likely to remain on attractive plants and to move among their flowers, effecting self-pollination via geitonogamy [119, 120] . Because geitonogamy is detrimental to a plant's male and female components of reproductive success, traits that allow increased attractiveness while keeping geitonogamy in check are thus likely to be particularly favourable. Indeed, many of the exquisite adaptations displayed by flowers and inflorescences can be interpreted along these lines [11] .
Several traits should alter the scope for pollen competition or female choice (reviewed in [88] ). For example, pollen competition can be enhanced by producing large stigmatic areas [121, 122] and long styles [123, 124] , as well as by processes that influence the germination and growth of pollen tubes down the style [125, 126] . Prolonging the period of stigma receptivity can increase the opportunities for pollen from different donors to be picked up on their stigmas [127] , although prolonged stigma receptivity can only be beneficial if plants are able to prevent the immediate success of the first pollen that arrives on the stigma, which often enjoys a siring advantage [118, 128, 129] . One way of reducing the advantages of first-arriving pollen is for plants to allow pollen to accumulate on their stigmas while preventing its immediate germination, thus removing the advantages of first-arriving pollen [130] [131] [132] . However, a large number of plants in fact actively shut down stigma receptivity and allow petals to collapse as soon as compatible pollen has been delivered [116] . This process, which occurs particularly in plants with protandrous flowers once they have served their purpose in terms of pollen dispersal, is likely a response to selection to save on the costs of maintaining flowers [133] ; certainly, its occurrence argues against the advantages of polyandry as a result of pollen accumulated sequentially in these species.
Polyandry as a result of selection among males to increase siring success
From the foregoing, it should be clear that plants might benefit from, or be compromised by, mating with more than one male, and that there are at least certain ways in which they could exercise control over their mating system. However, the extent to which they actually do exercise control to reap the benefits is still largely unknown and in need of much more research. Being sessile and requiring the intercession of biotic or abiotic vectors to transport their pollen means that plants undoubtedly have less control over their mating partners than do many animals. We are thus left with the possibility that the degree of multiple mating in plant populations is often simply an outcome of a random union of gametes (or gametophytes), influenced by the spatial structure of a population and the strategies employed by males to disperse their pollen (rather than the strategies of females to receive it).
The intricacies of the angiosperm flower and the wonderful diversity in floral form and inflorescence display are a testament to the power of natural selection to bring about morphological change in structures that affect mating in plants. Indeed, much of the oeuvre of pollen biology and the analysis of plant sexual and mating systems support the hypothesis that variation in floral form and display affects mating prospects through both sexual functions. While plant ecologists for a long time viewed flowers as seed-producing organs, it is now widely appreciated that selection on flowers also operates through the male function. Indeed, an extreme view is that the intricate traits displayed by flowers are due almost entirely to selection through a plant's male function, i.e. flowers are male [134] . There are two reasons for this.
The first is Bateman's principle, i.e. the proposition that only males are limited in their reproductive success by their access to mates (and that female reproduction is limited by resources). We have already pointed to experiments that suggest that seed set is in fact often pollen-limited, and that a key assumption of Bateman's principle may thus not be valid. Certainly, experiments such as these have given some authors reason to doubt the relevance of Bateman's principle for plants [65] . However, as noted earlier, more recent work has called experiments on pollen limitation into question, so the idea that males are more limited by the availability of mates than are females cannot yet be ruled out. If it applies, then we would expect selection to act on floral strategies principally through the male function. The fact that fruit : flower ratios are often low (i.e. that flowers often contribute nothing directly to female reproductive success) would seem to support this view.
The second reason for holding that flowers function more as male than female organs derives from considerations of the likely relative shapes of the male versus female fitness gain curves in hermaphroditic plants, i.e. the return upon investment in their male versus female functions [135] . In animal-pollinated plants, particularly those with specialist pollinators, it is widely thought that the fitness gained through male function flattens off as a function of investment more rapidly than does that through female function, because increasing investment in pollen dispersal soon leads either to the saturation of pollen on pollinators' bodies, or to competition among pollen grains from the same donor to fertilize a finite pool of ovules (local mate competition) [136] [137] [138] . We still have very little idea of what the shapes of the fitness gain curves really are [138] . However, if the male curve does typically saturate more quickly than the female one, then this would explain the common strategy employed by flowers of placing pollen on pollinators' bodies so that it is less easily removed by grooming, or of dispensing pollen little by little to consecutive pollinator visitors rather than all at once [139] . For example, they may expose and open their anthers sequentially over a period of time rather than all together, or (in the case of buzz-pollinated flowers) pollen may be dispensed little by little through small pores analogous to those of a pepper-shaker [140, 141] . It is precisely this sort of strategy that should increase the levels of polyandry.
Although some floral traits that increase attractiveness may increase the transfer to a stigma of both outcross and self pollen from other flowers, plants have also evolved mechanisms that favour pollen export to other individuals in the population while keeping geitonogamous pollen transfer in check. Such mechanisms, which include both the timing of development and the arrangement of flowers within inflorescences [4] , as well as polymorphisms such as heterostyly and enantiostyly [142] , are also likely to increase the number of a potential sires contributing pollen to individual stigmas. Importantly, mechanisms that reduce geitonogamous selfing are also found in self-incompatible species (where the detrimental effects of selfing for female function are prevented), suggesting that they have evolved rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20120051 in response to selection for increased male fitness rather than female fitness [143] . Therefore, irrespective of the validity of Bateman's principle for plants, the influence on levels of polyandry of both pollen-dispensing mechanisms and of traits that limit geitonogamy ( particularly in self-incompatible species) can probably be attributed to responses to selection through a plant's male function.
Concluding remarks
Polyandry is ubiquitous and probably all but inevitable in outcrossing plants. Although there may be several benefits of polyandry to plants through their female function, to a large extent polyandry is likely to be the incidental outcome of selection to increase outcross siring success. Indeed, it is difficult to envisage selection that acts to promote outcrossing that would not at the same time increase multiple-donor pollinationexcept when pollen is dispersed in polyads or pollinia. Plants that restrict the period over which stigmas are receptive or flowers are open might reduce the possibility of polyandry via sequential visitation of different pollinators, but such strategies risk missing out on mating opportunities and would not necessarily reduce pollen carry-over by pollinators that visit more than one pollen donor in sequence.
Although studies to discern the female benefits of polyandry have had somewhat mixed results, there is nonetheless evidence that some plants benefit from enhancing competition among the pollen grains they receive. Thus, it seems plausible that a syndrome of polyandry is not only the incidental outcome of selection for outcrossing, but may also be promoted in its own right through selection on a plant's female function. The evolution of traits that enhance the potential for pollen competition (such as stigma size and extended receptivity) is consistent with this possibility.
Research on plant mating systems has focused on documenting and understanding selfing-rate variation and the maintenance of mixed mating, which is a special case of polyandry. This focus is understandable: mixed mating poses a clear enigma, because simple models predict its evolutionary instability [9] , and both the selfing rate itself and the key parameters of evolutionary models that might account for its maintenance are easily measured. In contrast, the description of polyandry in terms of the full distribution of a plant's mating partners is more challenging, and the likely costs and benefits of multiple mating are more subtle. Moreover, botanists' intuition, based on observations of the messy business of pollination by biotic or abiotic vectors among plants that produce large numbers of flowers, that plants have only limited control over the mix of their mating partners is plausible. Accordingly, research on multiple mating in plants is still in its infancy, and few of the ideas surrounding it that have been considered by zoologists studying multiple mating in animals have made their way into studies of plants.
To advance our understanding of polyandry in plants, we ultimately need assessments of the relative costs and benefits of polyandry under field conditions, alongside those of monandrous outcrossing, geitonogamy, autogamy and other patterns of mating. Fertile ground for such research might be offered by self-incompatible species (allowing a focus on the mix of outcross mating partners) or populations that differ in their mate availability (e.g. by possessing different numbers of S-alleles), species that display mixed mating where selfing occurs via geitonogamy, and dioecious species where floral traits (e.g. those influencing attractiveness) can evolve to some extent independently in males and females. It would also be useful to know more about the extent to which polyandry occurs via pollen carry-over versus sequential visitation in species with contrasting floral and inflorescence traits.
